The protein crystals found in potato (Solanum tuberosum 1.) tuber cells consist of a single 85-kD polypeptide. This polypeptide is an inhibitor of papain and other cysteine proteinases and is capable of binding several proteinase molecules simultaneously (P. Rodis, J. E. Hoff [1984] Plant Physiol 7 4 907-911). We have characterized this unusual inhibitor in more detail. Titrations of papain activity with the potato papain inhibitor showed that there are eight papain binding sites per inhibitor molecule. l h e inhibition constant (K,) value for papain inhibition was 0.1 nM. Treatment of the inhibitor with trypsin resulted in fragmentation of the 85-kD polypeptide into a 32-kD polypeptide and five 10-kD polypeptides. The 32-kD and 10-kD fragments all retained the ability to potently inhibit papain (Ki values against papain were 0.5 and 0.7 nM, respectively) and the molar stoichiometries of papain binding were 2 to 3:l and 1:1, respectively. Other nonspecific proteinases such as chymotrypsin, subtilisin Carlsberg, thermolysin, and proteinase K also cleaved the 85-kD inhibitor polypeptide into functional22-kD and several 10-kD fragments. The fragments obtained by digestion of the potato papain inhibitor with trypsin were purified by reverse-phase high-performance liquid chromatography, and the N-terminal amino acid sequence was obtained for each fragment.
were homologous to the N termini of members of the cystatin superfamily of cysteine proteinase inhibitors. Therefore, the inhibitor appears to comprise eight tandem cystatin domains linked by proteolytically sensitive junctions. We have called the inhibitor potato multicystatin (PMC) . By immunoblot analysis and measurement of papain inhibitory activity, PMC was found at high levels in potato leaves (up to 0.6 mg/g fresh weight tissue), where it accumulated under conditions that induce the accumulation of other proteinase inhibitors linked to plant defense. PMC may have a similar defensive role, for example in protecting the plant from phytophagous insects that utilize cysteine proteinases for dietary protein digestion.
The occurrence of discrete proteinaceous crystals within the cells of potato (Solanum fuberosum L.) tubers has been well documented (Hoff et al., 1972) . The cuboidal crystals are found primarily in the cells of the subphellogen layer of the tuber and are 5 to 25 p m in size. Rodis and Hoff (1984) showed that the isolated crystals consist of a single 85-kD polypeptide that is an effective inhibitor of Cys proteinases, including the plant proteinases papain, ficin, and chymopapain. The potato papain inhibitor is significantly larger than ~ * Corresponding author; fax 1-317-337-3228.
any other plant proteinase inhibitor so far described, and it can simultaneously bind several Cys proteinase molecules. The isolated protein also has an unusual physical property in that it readily crystallizes in mildly basic solutions and in the presence of phosphate. This property can be used to isolate the protein in large amounts from potato peel (Rodis and Hoff, 1984) .
Almost a11 of the well-characterized inhibitors of Cys proteinases described to date are members of a family of inhibitors that are related by both structure and function, called cystatins (Barrett, 1987; Turk and Bode, 1991) . The most thoroughly described cystatin is the 13-kD inhibitor from hen egg (Anastasi et al., 1983) , although many other cystatins have now been characterized. These have been grouped into three classes (Barrett, 1987) : type-1 cystatins, or stefins (Mr about 1 1,000), are predominantly intracellular proteins and contain no disulfide bonds or associated carbohydrate; type-2 cystatins (Mr about 13,000), such as hen egg cystatin, are typically secreted and contain two disulfide bonds in the Cterminal portion of the polypeptide; type-3 cystatins, or kininogens (M, 50,000-1 14,000), are the most complex and comprise three tandemly linked N-terminal type-2 cystatinlike domains that are fused to a vasoactive kinin sequence and a C-terminal extension of varying length (Muller-Ester1 et al., 1986) . The interaction of cystatins with papain has been defined by the elegant x-ray crystallographic studies of Bode et al. (1988 Bode et al. ( , 1990 and Stubbs et al. (1990) . These show that highly conserved residues and secondary structures in the amino acid sequences of cystatins, including the cystatin "signature motif" QXVXG, are part of the intimate contact regions between the inhibitor and target proteinase.
The cystatin classification system and evolutionary relationships (Barrett, 1987; Turk and Bode, 1991) have been derived almost exclusively from analysis of cystatins from vertebrate sources. However, a small number of Cys proteinase inhibitors from plants have now been identified as cystatins, including two inhibitors from rice seeds (oryzacystatins 1 and 2; Kondo et al., 1990) and inhibitors from com (Abe et al., 1992), soybean (Brzin et al.; 1990; Hines et al., 1991) , and Wisteria floribunda seeds (Hirasaki et al., 1990) . The two oryzacystatins and com cystatin contain no disulfide bonds Abbreviations: BAPNA, N-a-benzoyl-L-arginine-p-nitroanilide; PMC, potato multicystatin; SEC, size-exclusion chromatography; 2-Phe-Arg-NMec, N-benzyloxycarbonyl-L-phenylalanyl-L-arginine 7-amido-4-methylcoumarin.
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In this study, we show that the 85-kD inhibitor from potato tubers can bind eight papain molecules simultaneously. Treatment of the polypeptide with a range of nonspecific proteinases such as trypsin or subtilisin fragments the inhibitor into a characteristic set of smaller polypeptides (of 10, 22, or 32 kD) that retain the ability to inhibit papain. Nterminal amino acid sequencing of the fragments indicates that they are l-~omologous to the cystatin superfamily of inhibitors. Therlefore, we have called the inhibitor PMC. We have also shown by immunoblot analysis that PMC accumulates to high levels in both leaves and tubers as the intact 85-kD form. The various properties of PMC may be linked to a role as a defensive protein against insect and pathogen attack.
klATERlALS AND METHODS

Materials
PMC was purified from the peel of potato (Salanum tuberosum L.) tubers; purchased from the local market essentially as described by Rodis and Hoff (1984) . Typical yields were 10 to 50 mg of Fure PMC from 10 lb of potato tubers. After purification, the protein was homogeneous as determined by SDS-PAGE and ion-exchange and reverse-phase HPLC. Hen egg cystatin was purchased from TaKaRa Biochemical, Inc. (Berkeley, CA). Z-Phe-Arg-NMec was purchased from Bachem Inc. (Torrance, CA). A11 other reagents were purchased from Sigrna.
lnhibition of Papain
The stoichiometry of papain inhibition by PMC and hen egg cystatin was measured by determining papain activity with BAPNA as substrate. In the wells of a microtiter plate, 50 pL of inhibitor solution at various concentrations was mixed with 5 pg (214 pmol) of papain in 50 pL of 200 m sodium acetate, pH 6.0, containing 8 m DTT and 4 m sodium EDTA (assay buffer). After 10 min of incubation, 100 pL of 2 m BAPNA in 100 m sodium acetate, pH 6.0, was added. The was recorded after 1 h using a microplate reader.
K, values were determined using the papain substrate ZPhe-Arg-NMec based on the method of Barrett and Kirschke (1981) . Fifty nanograms of papain were incubated with 10 to 100 ng of PMC or hen egg cystatin in a total volume of 0.1 mL of assay buffer. Z-Phe-Arg-NMec (0.2 mL) was added to start the reaction. Hydrophobic interactions of PMC with the microtiter plate were eliinated by the addition of 0.01% Triton X-100. The presence of the detergent had no apparent effect on the calculated K, values. Data were collected using a Labsystems Fluoroskan I1 fluorescent microtiter plate reader linked to a Biometallics data collection software system with kinetic capabilities. Excitation and emission wavelengths were 380 and 460 nm, respectively. Kinetic assays were performed at inhibitor concentrations, giving approximately 30, 50, and 70% inhibition of papain, and Z-Phe-Arg-NMec concentrations were varied from 1 to 20 p~. A K,,, value of 6.2 PM was derived for Z-Phe-Arg-NMec as a papain substrate.
Proteolytic Fragmentation of PMC
Native 85-kD PMC was fragmented by digestion with trypsin (Sigma type XIII). Digestions were performed. in 50 m Tris-C1, pH 7.5, at 37OC for 2 h with a PMC:trypsin ratio of 20:l (w/w). Fragmentation was also performed using chymotrypsin (Sigma type VII), subtilisin Carlsberg, proteinase K, and thermolysin using the same conditions. The stoichiometry of papain inhibition by trypsin-treated PMC was measured after the trypsin was inactivated by addition of 3,4-dichloroisocoumarin (1 O0 p~ final concentration) to the digestion. Separate experiments showed that 3,4-dichlciroisocoumarin had no effect on papain activity.
Chromatograph y
SEC of PMC and proteinase-treated PMC was performed using Pharmacia Superose 12 columns. Protein standards used to calibrate the columns were from Bio-Rad. For analytical separations ( t 2 mg), a Superose 12 HR 10/30 ccilumn was used at a flow rate of 0.4 mL/min, and, for preparative runs, a Superose 12 16/50 column was used at a flow rate of 1 mL/min. Columns were equilibrated in 20 m Tris-C1, pH 8.0, containing 150 m sodium chloride. Lower salt co:ncentrations gave poor separations due to interactions of the PMC fragments with the column matrix. Separations at pEI 5.0 were performed with 0.2 M sodium acetate as buffer.
Reverse-phase chromatography was performed using a Vydac C4 column equilibrated in 0.1% TFA. Separation of polypeptides derived from PMC after trypsin treatment was done at a flow rate of 1 mL/min using a gradient of O to 40% acetonitrile over 2 min, then a 40 to 54% acetonitrile gra'dient over 60 min.
Amino Acid Sequencing
N-terminal amino acid sequencing of purified PMC and the fragments purified by reverse-phase HPLC was performed by Dr. William S. Lane at the Harvard Microchemistry Facility (Cambridge, MA). Sequences were determined uising an Applied Biosystems 470A gas phase sequencer with an on-line phenylthiohydantoin amino acid analyzer. The yield of N-terminal phenylthiohydantoin amino acids from native PMC and PMC-10-2 was extremely low, suggesting that the N-termini were resistant to Edman degradation. To obtain amino acid sequence data for PMC-10-2, the polypeptide was denatured in urea and digested for 17 h with trypsin. The resulting digestion was separated using a Vydac C18 column. Peptides in two of the resulting peaks were sequenced (PMC-10-2:T51 and PMC-10-2:T32). The sequtmce data shown in Figure 5 suggest that some residual chymotryptic activity was present in the digestion.
PACE
Routine SDS-PAGE and IEF were performed with a Pharmacia Phast System. Homogeneous 20 Phastgels were used for SDS-PAGE and IEF 3-9 Phastgels were used for IEF.
Analysis of Leaf Extracts
Leaves were taken from greenhouse-or field-grown potatoes and were either frozen immediately at -7OOC or induced for 3 d as described by Akers and Hoff (1980) . The leaves were homogenized in 0.2 M sodium acetate, pH 6.0, containing 10 ,.LM 3,4-dichloroisocoumarin. After clarification by cenhrifugation, the amount of inhibitory activity in the extracts was determined by titration of papain as described above. For immunoblot analysis, tissues were extracted in 2 volumes of 150 m Tris-C1, pH 7.8, containing 150 kg/mL leupeptin, 150 pg/mL antipain, and 6 m sodium EDTA.
After denaturation in SDS, samples were electrophoresed in 12.5% SDS-PAGE gels (Integrated Separation Systems, Natick, MA) and transferred onto Millipore Immobilon-P paper using a Pharmacia LKB Transphor apparatus. The blots were probed with rabbit polyclonal antiserum against undenatured, 85-kD PMC at a 1:2000 dilution prepared by the Berkeley Antibody Company (Berkeley, CA). The blots were developed with alkaline phosphatase-linked goat anti-rabbit antibody using 5-bromo-4-chloro-3-indolyl phosphate and nitroblue tetrazolium from Bio-Rad as substrates according to the supplier's instructions. The intensity of the 85-kD bands was compared with standards containing known amounts of PMC purified from tubers.
Protein Concentrations
Protein concentrations were determined by the method of Bradford (1976). Concentrations of purified PMC solutions were determined using AZg0 = 1.2 mL mg-' cm-' (Rodis and Hoff, 1984).
RESULTS
Stoichiometry of Papain lnhibition by PMC
Papain was titrated with PMC and the residual proteinase activity at pH 6.0 was monitored by a spectrophotometric assay using BAPNA as substrate. These titrations consistently showed that 8 (k0.14) mo1 of papain were inhibited by 1 mo1 of PMC (Fig. 1 ). This stoichiometry was reproduced with severa1 different batches of PMC and papain. Titration of papain activity at pH 8 also gave the same stoicvometry. Similar titrations using hen egg cystatin, a well-characterized, single-domain polypeptide inhibitor of Cys proteinases (Anastasi et al., 1983), gave the expected 1:l molar stoichiometry. Therefore, we conclude that there are eight binding domains for papain within each PMC polypeptide.
Fragmentation of PMC by Limited Proteolysis
Treatment of native 85-kD PMC with trypsin gave rise to a distinct and reproducible fragmentation pattem by SDS-PAGE analysis. This pattem consisted of a band at 32 kD and a family of smaller molecular mass bands of approximately 10 kD (Fig. 2) . There was also a fainter band at 22 kD. This pattem was stable even after prolonged incubation with trypsin (3 h at 37OC) using PMC:trypsin ratios of up to 20:l (w/w). The final fragmentation pattem was amved at via a characteristic series of larger intermediates (data not shown), indicating a sequential degradation process. The stoichiometry of papain inhibition by PMC after treatment with trypsin was identical to that of the untreated inhibitor (Fig. l) , demonstrating that proteolytic fragmentation did not destroy the ability of any of the domains to bind papain. Trypsin-treated PMC did not crystallize under the conditions in which the native protein readily crystallized, i.e. at basic pH and/or in the presence of phosphate. Indeed, a suspension of crystalline PMC at pH 8 was readily solubilized by addition of trypsin.
Other diverse and relatively nonspecific proteinases such as chymotrypsin, subtilisin Carlsberg, thermolysin, and proteinase K also cleaved PMC into a similar fragmentation pattem of polypeptides. In these cases, the intensity of the larger fragments was reversed and a pronounced band at 22 kD and a relatively faint band at 32 kD were observed by SDS-PAGE in addition to the bands at 10 kD (Fig. 2) . These fragments also retained their ability to effectively inhibit papain in titrations.
SEC of Trypsin-Treated PMC
SEC of native PMC at pH 8 using a Pharmacia Superose 12 column resulted in a predominant peak corresponding to a molecular mass of approximately 360 kD, suggesting that PMC is a tetramer at this pH (Fig. 3A) . A minor peak of approximately 100 kD was also noted. At pH 5, PMC eluted from the Superose 12 column with a retention time that corresponded to a molecular mass of approximately 55 kD (data not shown), indicating that PMC is monomeric at this pH and in agreement with previous observations by Rodis and Hoff (1984) . SEC of trypsin-treated PMC at pH 8 yielded two peaks with increased retention times (Fig. 3B) . Analysis by SDS-PAGE showed that the first peak contained the 32-kD polypeptide (and a smaller amount of 22-kD fragment) and the second peak contained the family of 10-kD polypeptides. The retention times of these peaks corresponded to molecular masses of 35 and 12 kD, which is in reasonable agreement with the values derived from SDS-PAGE analysis. Thus, there was no indication of significant association of the PMC fragments at pH 8, in contrast to the native protein.
SEC was a convenient method of obtaining pure preparations of the 32-and 10-kD polypeptides (named PMC-32 and PMC-10, respectively) under nondenaturing conditions. The stoichiometries for papain inhibition by PMC-10 and PMC-32 were 1 mol papain/mol PMC-10 and 2 to 3 mol papain/mol PMC-32 (data not shown). KI values of the PMC-32 and PMC-10 preparations were determined against papain and compared with that of 85-kD PMC using a sensitive fluorometric assay of papain with Z-Phe-Arg-NMec as substrate. & values for 85-kD PMC, PMC-32, and PMC-10 were 0.1 (±0.01), 0.7 (±0.02), and 0.5 (±0.02) nM, respectively.
N-Terminal Amino Acid Sequences of PMC Fragments
The PMC fragments derived by trypsin treatment were readily separated by reverse-phase HPLC (Fig. 4) . This separation yielded five major peaks corresponding to the 10-kD polypeptides (PMC-10-1 through PMC-10-5) and an additional major and minor peak at a later retention time (PMC-32 and PMC-33, respectively), corresponding to the 32-kD polypeptides. The purified 10-kD polypeptides were slightly different in size by SDS-PAGE, which accounted for the slight heterogeneity of this band in the gels of trypsin-treated PMC run prior to separation (Fig. 2) . The peaks were individually collected and the N-terminal amino acid sequences of the polypeptides determined (Fig. 5A) . The PMC-10 fragments were particularly amenable to sequencing, and over 60 residues of sequence data were obtained for PMC-10-4 and PMC-10-5. The N termini of both native PMC and PMC-10-2 were resistant to Edman degradation, indicating that both may be blocked. PMC-10-2 is therefore likely to be the N-terminal fragment of PMC. To obtain amino acid sequence data for PMC-10-2, a sample of the purified polypeptide was denatured in urea to facilitate complete digestion by trypsin. The resulting mixture of oligopeptides was separated by reverse-phase HPLC, and the amino acid sequences of two of the peptides were determined (PMC-10-2:T51 and PMC-10-2:T32 in Fig. 5) .
Comparison of the amino acid sequences of the PMC Retention Time (min) Figure 4 . Reverse-phase HPLC of PMC after treatment with trypsin. PMC (400 /ig) was digested with trypsin and applied to a Vydac C 4 column as described in "Materials and Methods." The gradient was initiated after 4 min, and A 2 8o was monitored. The first five major peaks (25-to 40-min retention times) contained 10-kD polypeptides, and the final two peaks (50-to 60-min retention time) contained polypeptides of approximately 33 and 32 kD by SDS-PACE analysis (Fig. 2B) fragments (Fig. 5A ) revealed that all of the sequences showed an appreciable degree of homology with each other. Indeed, PMC-10-4 and PMC-10-5 shared 75% homology, which extended through the entire 61 residues of sequence information that was obtained. Further analysis of the sequences derived from the trypsin-treated PMC polypeptides showed that they were all related to the cystatin superfamily of Cys proteinase inhibitors (Barrett, 1987; Turk and Bode, 1991) . This is apparent from the comparison in Figure 5B of the Nterminal amino acid sequence of PMC-10-5 with those of oryzacystatin 1 from rice and hen egg cystatin (Turk et al., 1983; Schwabe et al., 1984; Abe et al., 1987) . There is a significant degree of homology with both polypeptides throughout the sequences (44 and 28% identity, respectively). Moreover, the characteristic motif QXVXG that is highly conserved within all cystatins (Barrett, 1987; Turk and Bode, 1991) is found in PMC-10-4, PMC-10-5, and PMC-10-2:T51. Cystatins also possess a conserved Gly residue in the N-terminal region of the polypeptide (Gly 9 of hen egg cystatin and Gly 4 of oryzacystatin 1). An equivalent Gly residue is found at the second or third position in all of the sequenced PMC fragments.
Immunoblot Analysis of PMC Expressed in Potato Leaves and Tuber
Akers and Hoff (1980) correlated the formation of cubical crystals with an increase in inhibitory activity against chymopapain in the leaves of tomato seedlings after leaf excision and continuous illumination. These conditions have been shown to induce accumulation of wound-responsive proteinase inhibitors such as Ser proteinase inhibitors I and II, metallo-carboxypeptidase inhibitor, and Kunitz-type Ser proteinase inhibitors (Ryan, 1990; Suh et al., 1991) . Also, Hildmann et al. (1992) have recently shown that a cDNA with homology to oryzacystatin is induced by mechanical wounding and ABA treatment. We performed experiments similar to those of Akers and Hoff (1980) with excised potato leaves from greenhouse-and field-grown plants and analyzed the resulting tissue extracts both by immunoblot using a polyclonal antiserum raised against native 85-kD PMC and by measuring the amount of papain inhibitory activity in the extracts. A group of three bands at approximately 85 kD was recognized in immunoblots of the leaf tissue extracts, whereas extracts from tuber skin had two major 85-kD bands, with the lower band being more prominent (Fig. 6) . No evidence for major accumulation of smaller M r fragments was noted, although minor amounts of smaller fragments were visualized in the immunoblots. However, these were reduced using rapid extraction procedures in the presence of protease inhibitors, so they are likely due to a low level of proteolysis during extraction. Some PMC could be detected in uninduced leaf samples (Fig. 6, lane 3 ; 10 /tg of total protein loaded), but the amount was significantly enhanced after induction ( Figure 4 . PMC-10-2 was refractory to Edman degradation and so was further digested with trypsin as described in "Materials and Methods" to give the oligopeptides PMC-10-2:T51 and PMC-10-2:T32, which were completely sequenced. Underlined residues are lower-confidence assignments. B, Amino acid sequence alignment of PMC-10-4 with oryzacystatin 1 (OC-1; Abe et al., 1987) and hen egg cystatin (HEC; Turk et al., 1983; Schwabe et al., 1984) . Vertical lines ( | ) denote identical residues and colons (:) denote homologous substitutions. Highly conserved residues of cystatins, i.e. the Cly residue corresponding to Gly 9 of hen egg cystatin and the motif QXVXG, aro marked with asterisks («).
www.plantphysiol.org on October 30, 2017 -Published by Downloaded from Copyright © 1993 American Society of Plant Biologists. All rights reserved. Plant Physiol. Vol. 103, 1993 intensity of the major 85-kD bands with that of known amounts of purified tuber PMC indicated that levels of up to 2% total soluble leaf protein or 300 to 600 pg PMC/g fresh weight of leaf were present in the leaves after induction.
Titrations of papain with protein extracts from 'induced" leaves from the field showed that there was an increase in papain inhibitory activity over that in uninduced leaves. Based on the levels of papain inhibition, induced leaves from field-grown plants were estimated to contain 1.6% of the total soluble leaf protein as PMC, in good agreement with the immunoblot data. Therefore, PMC appears to accumulate in potato leaves under conditions similar to those in which other tuber inhibitors of proteinases accumulate. Immunoblots in similar experiments using tomato leaves show a band at 85 kD of reduced intensity relative to that in the potato leaf extracts. This may be due to lower amounts of a PMC analog being produced, or because of reduced cross-reactivity of the homologous polypeptide from tomato with the antiserum raised against the inhibitor from potato.
DlSCUSSlON
The size of nnost characterized plant proteinase inhibitors is in the range of 8 to 25 kD (Garcia-Olmedo et al., 1987; Ryan, 1990) . Therefore, PMC is unusually large at 85 kD, suggesting thaí it may contain severa1 proteinase-binding sites. Indeed, R~odis and Hoff (1984) noted that the polypeptide bound four papain molecules. However, our titrations of papain with PPdC consistently indicate that there are eight papain-binding sites per PMC polypeptide. We have obtained the same 8:l stoichiometry at pH 6 and 8, with different preparations of PMC and papain. To further confirm our stoichiometry, we performed similar titrations with the wellcharacterized, single-domain cystatin from hen egg. These gave the expected 1:l molar stoichiometry.
We have found that treatment of PMC under native conditions with trypsin, chymotrypsin, subtilisin Carlsberg, proteinase K, and thermolysin will cleave PMC into smaller functional polypeptides, and it seems likely that a wide range of nonspecific proteinases (other than those Cys proteinases that are inhibited by PMC) will readily process the 85-kD PMC polypeptide. Although inhibitory activity is maintained, the ability of PMC to readily crystallize in basic conditions is lost after proteolysis. Reverse-phase HPLC analysis of trypsin-treated PMC reveals that the resulting polypeptides consist of five approximately 10-kD fragments and a major 32-kD fragment that are quite stable to further trypsin treatment once formed. The 32-kD fragment binds two to three papain molecules, whexeas the 10-kD polypeptides have a 1:l stoichiometry. The N-terminal amino acid sequence data for these fragments show that the polypeptides are similar but not identical, and that they are related to the cystatin superfamily of Cys proteinase inhibitors. These data indicate that PMC is a multidomain polypeptide consisting of eight tandem cystatin domains (of approximately 10 kD) that are linked by proteolytically sensitive junctions. This accounts for the large molecular mass of PMC, the stoichiometry of papain inhibition, and the proteolytic fragmentation into functional domains. We have called this type of Cys protease inhibitor a 'multicystatin." 'There may be other multicystatins within the plant kingdom; for example, a homolog of PMC is produced in leaflets of tomato, a related solanaceous plant (Akers and Hoff, 1980; this work) .
There are many examples of proteinase inhibitors that have more than one proteinase-binding site within a single polypeptide chain. For example, the Bowman-Birk inhibitors of Ser proteinases from plants are double-headed and can inhibit trypsin and chymotrypsin simultaneously in the (case of the lima bean inhibitor (Garcia-Olmedo et al., 1987) . 'Within the vertebrates, the plasma lipoprotein-associated coagulation inhibitor consists of three tandem Kunitz-type inhibitor domains (Wun et al., 1988) , the avian ovomucoid and ovoinhibitor families have members containing up to seven Kazaltype inhibitor domains (Kato et al., 1987; Scott et al., 1987) , and the plasma kininogens contain three cystatin-like domains (Muller-Ester1 et al., 1986) . Only two of the three cystatin-like domains of kininogens appear to be functional Cys proteinase inhibitors (Muller-Ester1 et al., 1986) , whereas in PMC, a11 the domains appear to be active.
PMC and the kininogens are similar in that they have regions between cystatin domains that are sensitive to cleavage by the action of a variety of proteinases, and processing at these sites results in the release of active domains (Vogel et al., 1988; Moreau et al., 1989) . The interdomain regions of the avian Kazal inhibitors are similarly proteolytically sensitive (Scott et al., 1987) . In the plant kingdom, a recently described cDNA from Nicotiana alata stigmas encodec; a 42-kD polypeptide containing six proteinase inhibitor [I-type domains (Atkinson et al., 1993) . However, this polypeptide appears to function as a secreted precursor protein that is specifically cleaved in vivo, leading to accumulation of the individual 6-kD domains. In contrast, our immunoblot analyses of potato leaves and tubers indicate that the predoininant accumulated form of PMC is the intact 85-kD polypeptide.
We have found no evidence for cooperativity between the PMC-binding sites in analysis of papain titrations or K, determinations. This implies that the eight sites on PMC are always freely accessible to papain. The eight cystatin domains within PMC must therefore be structurally arranged so that the regions that bind Cys proteinases such as papain as well as the interdomain regions susceptible to cleavage by processing proteinases such as trypsin are exposed. The interdomain regions are not a11 completely equivalent or accessible to processing proteinases, because a stable 32-kD fragment is formed after PMC digestion with trypsin that is refractory to further trypsin digestion, with only a trace of 22-kD polypeptide being formed. Digestion by the other proteinases that we have tested leads to a 22-kD (rather than a 32-kD) species, in addition to the single-domain 10-kD formr;. This may be a function of sequence differences in the interdomain regions or differences in presentation or accessibility clf specific regions to the processing proteinases.
The amino acid sequences of the PMC fragments are similar but not identical. It is possible that some of the heterogeneity in sequences that we have obtained m ay be due to the presence of different isoforms of PMC in the tuber. We believe that this is not a large source of the sequence heterogeneity because our preparations of the intact r35-kD PMC polypeptide behave quite uniformly. For example, analysis of the purified native protein gives a single major band in IEF gels, and a single symmetical peak is obtained by Mono-Q anion-exchange chromatography and reversephase HPLC. However, after proteolytic fragmentation severa1 bands are seen in IEF gels, and severa1 peaks can be separated by both methods of chromatography. These data are consistent with there being differences among the sequences of the eight cystatin domains contained within the 85-kD PMC, rather than there being a large number of different 85-kD PMC isoforms.
The various unique properties of PMC may be linked to a specific role as a defensive protein against insect and pathogen attack based on the following considerations:
(a) PMC crystals are produced mainly in the peridermal cells of tubers (Hoff et al., 1972) . In this location, they would be in the frst l h e of defense against pathogen and insect attack. PMC is also wound-inducible in leaf tissue, where we have shown that it can accumulate to high levels (0.6 mg/g fresh weight leaf tissue), in common with other proteinase inhibitors in potato that have been associated with plant defense (Ryan, 1990; Suh et al., 1991) .
(b) Many phytophagous coleopteran insect larvae utilize Cys proteinases as the major digestive proteinases of the midgut (Murdock et al., 1987) . We have shown that growth of such insects can be significantly suppressed by the presente of PMC in the diet at levels equivalent to those found in vivo (G. Orr, M. Arrington, J. Strickland, and T. Walsh, unpublished data).
(c) The crystals are solubilized at low pH (Rodis and Hoff, 1984) and by proteinase treatment (this work). Insects with Cys proteolytic midguts typically have mildly acidic gut environments (Murdock et al., 1987 ) that would solubilize the crystals. Also, many invading microbial pathogens typically secrete proteinases that could solubilize the crystals and result in inhibition of any Cys proteinase components involved in pathogen attack.
(d) The inhibitor crystals are cytosolic (shown well in micrographs of Boulter and Harvey, 1985) and so are in a cellular compartment away from endogenous Cys proteinases that are commonly found in vacuolar and extracellular compartments of plant tissue and that could potentially bind to and neutralize the inhibitory activity of an accumulating Cys proteinase inhibitor.
